Abstract. Phenotypic characterization of 511 strains of Leishmania, subgenus Viannia, isolated from Colombian patients was conducted based on electrophoretic polymorphisms of 13 isoenzymes. Ninety-one Colombian strains of L. braziliensis were the most heterogeneous, constituting seven zymodemes while 397 L. panamensis and 22 L. guyanensis strains yielded five and three zymodemes, respectively. Phosphogluconate dehydrogenase, nucleoside hydrolase, and superoxide dismutase were the most polymorphic enzymes in this collection of strains, and together with glucose-6-phosphate dehydrogenase, allowed the discrimination of the three aforementioned species. Hierarchical cluster analysis of the zymodemes using Jaccard's coefficient of similarities revealed two clusters, one constituted by L. braziliensis zymodemes, and another by three subgroups consisting of zymodemes of L. panamensis closely related to the species reference strain, another consisting of L. guyanensis zymodemes, and a third group distinguished by new electromorphs of proline iminopeptidase and aspartate aminotransferase that reacted with the L. panamensisspecific monoclonal antibody B-11. Multiple zymodemes of L. panamensis and L. guyanensis were found to be sympatrically transmitted in foci along the Pacific coast. Leishmania braziliensis variants were ubiquitous throughout the territory of Colombia; L. panamensis was prevalent in the western region and L. guyansis was prevalent in the Orinoco and Amazon river basins in the eastern half of the country. Distinct zymodemes of L. panamensis predominated in the northern and southern regions of the Pacific coast. Nine zymodemes of all three species were isolated from mucosal lesions. Zymodeme 1.1 of L. braziliensis had the highest frequency of mucosal involvement (10% of the cases), and disease caused by this zymodeme had the longest mean time of evolution ( 31 months; P ϭ 0.002). In addition to being useful in describing epidemiologic relationships, the intraspecific heterogeneity of strains of the Viannia subgenus within and among foci can be used to understand such fundamental questions as the pathogenicity of different populations of parasites, and the induction of cross-protection against related parasites.
Enzyme polymorphisms, manifest as charge differences detectable by mobility in an electric field, provide phenotypic markers of genetic variation in populations. 1 Although these markers were originally developed and used to analyze diploid, sexually reproducing organisms, the difficulty in distinguishing protozoal parasites based on morphologic and biologic criteria, motivated the use of these and other intrinsic markers to identify and taxonomically classify parasitic protozoa. [2] [3] [4] [5] [6] [7] [8] [9] Leishmania were among the first parasitic protozoa to be analyzed with respect to enzyme polymorphisms, which proved useful in discriminating among the major taxa, including species. 2 The capability of reliably distinguishing species has led to a more complete understanding of the geographic distribution, vectors and reservoir hosts, and clinical spectrum of disease caused by different Leishmania taxa. 5, 6, [10] [11] [12] [13] In addition to their application in identifying species of Leishmania, which can now be achieved by other less labor intensive methods, 14, 15 isoenzymes can also be exploited to address biologic and epidemiologic questions. 16, 17 In this report, we examine the intraspecific and interspecific heterogeneity of Leishmania of the Viannia subgenus in Colombia, and the utility of phenotypic markers in describing biologic and epidemiologic relationships.
MATERIALS AND METHODS
Five hundred eleven strains of Leishmania were isolated from the same number of Colombian patients who consulted the Corporation Centro Internacional de Entrenamiento e Investigaciones Medicas (CIDEIM) in Cali, Colombia for diagnosis of cutaneous and mucutaneous leishmaniasis between 1983 and 1989. Complete medical and epidemiologic histories were obtained and differential diagnostic procedures were performed. Procedures for the differential diagnosis and isolation of parasites from lesions have been reported previously by Weigle and others. 18 Culture conditions and the methodology for preparing extracts of the parasites for isoenzyme analysis were as described by Saravia and others. 10 The following reference strains originally obtained from Isoenzyme electrophoresis of reference strains and Leishmania isolated from patients was conducted using thin layer starch gel electrophoresis as described by Godfrey and Kilgour. 3 Conditions for the electrophoresis and enzyme development were adapted from those of Miles and others 5 Table 1 . Data analysis. Hierarchical cluster analysis was used to summarize relationships between Leishmania (Viannia) zymodemes using Jaccard's coefficient of similarities. 16, 20 The dendogram was constructed taking into account each electromorph separately as a unit character. 9 For this analysis, a matrix with the presence/absence of bands was built and analyzed using the SYN-TAX PC program. 21 The dendogram was obtained using the arithmetic mean method (unweighted pair groups method).
RESULTS
Intraspecific and interspecific heterogeneity and variant frequencies. Seventeen different zymodemes were discerned among the 511 Colombian strains and three WHO species reference strains using the panel of 13 enzymes. Leishmania braziliensis was phenotypically the most heterogeneous species of the Viannia subgenus. Seven different zymodemes were distinguished among the 91 Colombian strains of L. braziliensis analyzed, while five zymodemes were defined among 397 strains of L. panamensis, and three zymodemes among the 22 L. guyanensis strains characterized. One zymodeme, 2.5, intermediate between that of the auctochthonous L. panamensis and L. guyanensis strains was encountered in a single strain. No isolates having exactly the same zymodeme as the L. braziliensis or L. panamensis species reference strains were found among this collection of 511 strains of the Viannia subgenus (Table 2) . However, several strains having the same enzyme polymorphisms as the L. guyanensis reference strain originating in Brazil were isolated from patients who acquired infection in the Amazon River basin region of Colombia.
Among the 13 enzymes analyzed, 11 were polymorphic. The enzymes 6PGD, NH, and SOD were the most polymorphic in the Colombian strains of Leishmania pertaining to the Viannia subgenus, each having at least four electrophoretically distinguishable polymorphisms (Figure 1 ). Three polymorphisms were observed for MPI, PEP-D, G6PD, ALAT, and ASAT. The enzyme GPI was not polymorphic among the species and strains of the Viannia subgenus examined. New polymorphisms with respect to those in the WHO species reference strains were identified in nine enzymes: ES, PEP-1, PEP-D, ALAT, ASAT, MPI, NH, 6PGD, and SOD.
Different enzymes were polymorphic among strains of individual species (Table 3) . The enzymes ES, PEP-D, PEP-1, MPI, and NH presented different electromorphs among L. braziliensis, ALAT, ASAT, MPI, G6PD, NH, and 6PGD among L. panamensis, and SOD among L. guyanensis. The enzymes G6PD, NH, 6PGD, and SOD together allowed discrimination of the three species (Figure 1) .
Sympatric transmission of species and zymodemes. 1  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2   3  3  3  3  3  2  2  2   3  3  3  3  3  3  3  3   3  3  3  3  3  3  3  3 L. (v)b  2  1  3  2  2  3  2   3  3  3  3  3  3  3  3   4  4  4  4  3  4  3  3   3  3  3  3  3  3  3  3   3  3  3  3  3  3 (Table 4) . Similarly, three zymodemes each of L. braziliensis and L. panamensis were isolated from patients who acquired infection in the Dagua River area of the municipality of Buenaventura, Department of Valle, also located in the Pacific Coast region (Table 5) . Furthermore, an outbreak in the town of Dagua was associated with zymodeme 1.5 of L. braziliensis, another zymodeme of this species, and two zymodemes of L. panamensis were also isolated during or after this outbreak. Geographic distribution of L. Viannia species and zymodemes. Colombia can be divided physically and ecologically based upon the natural water distribution system, 22 which is constituted by eight river basins that demarcate six hydrographic regions (Figure 2 ). The flora and fauna in each of these regions as well as natural barriers and the patterns of human settlements and migration are factors in the distribution and transmission of Leishmania.
Leishmania closely related to the reference strain for L. braziliensis originated from all of the different hydrographic regions ( Figure 2 and Table 2 ). Isoenzyme variants of L. panamensis were found along the Pacific coast region from the border of Panama to the border of Ecuador and in the hydrographic regions in the western half of Colombia. Leishmania guyanensis strains and variants originated from the Orinoco and Amazon River basins in the eastern half of Colombia. Leishmania panamensis zymodemes 2.1 and 2.4 predominated in the northwest region and zymodemes 2.2 and 2.3 predominated in the southwest region (Figure 3) . Leishmania braziliensis zymodeme 1.1 was prevalent throughout the country while the other zymodemes of L. braziliensis, except for 1.2, which was encountered in the Pacific Coast region, were found in the southern and eastern regions. Zymodeme 1.5 was first detected in the Amazon River basin in 1983 and subsequently during the outbreak in the town of Dagua in 1985.
Numerical taxonomic analyses of isoenzyme polymor- Clinical presentation and enzyme phenotype. Five of the seven zymodemes of L. braziliensis, three of five zymodemes of L. panamensis, and one of three zymodemes of L. guyanensis were associated with mucosal disease. Those zymodemes that were not associated with mucosal involvement had only been isolated from a few cases (1) (2) (3) (4) (5) (6) (7) (8) . Although more mucosal cases were attributable to L. panamensis (19 of 397 cases, 4.80%), mucosal disease was more frequent among patients infected with L. braziliensis (10 of 91 cases, 11.0%). The order of frequency of mucosal presentation by zymodeme was 1.1 (10%) Ͼ1.5 (4%) Ͼ 2.3 (2.8%) Ͼ 2.2 (1.5%) Ͼ 2.1 (0.5%) for zymodemes with 39 or more strains characterized. Time of disease evolution was greater for lesions caused by L. braziliensis. Zymodeme 1.1 had the longest mean time of evolution (31 months; P ϭ 0.002). Neither number nor size of lesions or the presence of adenopathy was associated with particular zymodemes (Table 6 ). † ANOVA ϭ analysis of variance.
DISCUSSION
Applications of enzyme analysis to Leishmania have primarily sought to identify different taxa, 6,7,13,23 examine phylogenetic relationships among strains from diverse geographic origins 9, [23] [24] [25] and determine the geographic distribution of species. 11 A distinctive aspect of the present study is that in addition to undertaking the previously mentioned applications in a large collection of strains isolated from patients, we have examined populations of Leishmania (Viannia) in several foci of transmission in a specific hydrographic region, the Pacific coast of Colombia. The results establish the sympatric transmission of multiple zymodemes of L. braziliensis and L. panamensis in these endemic foci. Furthermore, evidence was obtained to support the presence of phenotypically discrete populations of L. panamensis in defined geographic locations. Thus, during the period of sampling, the zymodemes prevalent in the northern region of the Pacific Coast were different from those in the southern region (Figure 3) .
The geographic distribution of Leishmania, like other vector-borne infectious agents, is the result of a dynamic interaction between vectors, reservoirs, parasites, and environmental factors. Changes in the prevalence of the zymodemes in a given region and introduction of zymodemes from other foci and outbreaks could be expected to occur as result of movement of inhabitants in relation to commercial exploitation of the region, migration and displacement, military and paramilitary activities, and environmental changes consequent to the aforementioned circumstances. [26] [27] [28] However, the role of humans in the dispersion of Leishmania transmission is unsubstantiated. The availability of baseline information on the phenotypic characteristics of Leishmania circulating in several foci of transmission over a period of years make it feasible to detect changes in the prevailing populations and the sources of these changes.
The variability of enzyme phenotypes within and among species render any single enzyme electromorph insufficient to unequivocally define species. Within the Viannia subgenus, two of the electromorphs for MPI in L. braziliensis were also found among Colombian strains of L. panamensis and one was also encountered in strains of L. guyanensis. Although the polymorphisms observed in Colombian strains of L. braziliensis for G6PD, 6PGD, SOD, and NH were not observed in the strains of other species of the subgenus included in this study, Kreutzer and Richard 29 reported that the L. braziliensis allomorphs of G6PD and 6PGD may be found in species of the subgenus Leishmania as well as L. peruviana. Hybrid phenotypes may also confound the interpretation of results for a single enzyme. 30 The lack of species specificity of individual electromorphs notwithstanding, the combination of multiple enzyme markers, taking into consideration the polymorphisms prevalent in a particular geographic or epidemiologic context, provides a reliable and stable system of species identification. For example, in the present collection of strains we found no strain to be phenotypically identical to the WHO reference strains of L. braziliensis or L. panamensis, yet the zymodemes resulting from the 13 enzymes analyzed were clearly related to one or another of the species reference strains. The use of independent markers such as monoclonal antibodies 14 can be useful in clarifying the species identity of new zymodemes, particularly those in which electromorphs associated with one species appear in some strains of another species, such as in zymodeme 2.5, which showed an enzyme phenotype intermediate between L. panamensis and L. guyanensis yet was reactive with the monoclonal antibody B11 specific for L. panamensis.
The results of numerical taxonomic analysis of this collection of strains provide further evidence of the phylogenetic relatedness of L. panamensis and L. guyanensis. (Jaccard coefficient ϭ 0.522) and the phenotypic disparity between these two species and L. braziliensis (Jaccard coefficient ϭ 0.9361). Cupolillo and others 9 concluded from the analysis of 250 strains representing at least 18 species from 12 countries in Latin America that variant strains within some species were as distinct as named species. In this study, zymodeme differences among strains of L. braziliensis-generated Jaccard's coefficients between 0.38 and 0.6. Notably, the genetic similarity between the L. guyanensis zymodemes and L. panamensis zymodemes 2.0, 2.1, and 2.2 proved to be greater than that between the latter and zymodemes 2.3, 2.4, and 2.5 of the same species. The derivation of the majority of our strains from southwestern Colombia and the Pacific coast region in particular probably increased the possibility of obtaining a more representative repertoire of the closely related populations that can be found at the level of transmission foci. The results of enzyme analyses suggest that the intrinsic boundaries used to distinguish between L. panamensis and L. guyanensis reflect the geographic disparity of the origins of the corresponding reference strains and consequent divergence of the respective populations. These boundaries (intrinsic differences), based on single or a few prototype strains from Panama and Brazil, may not be sustained in geographically proximal foci or those characterized by sympatric transmission of species.
The isolation from mucosal lesions of Leishmania pertaining to nine zymodemes and three species of the Viannia subgenus supports the capability of the various species of this subgenus to invade mucosal tissues. It is conceivable that some strains may have a greater or lesser propensity to invade and induce pathology in these tissues, but this is impossible to ascertain in the absence of incidence data for individual species or zymodemes, or experimental correlates of mucosal involvement. Using an experimental model, we have shown that strains differ in their metastatic capacity in the hamster, 31, 32 and in extensive human studies, we found that Leishmania species (L. panamensis and L. braziliensis) and immune response are independently associated with mucosal versus cutaneous disease and that these associations are independent of the time of evolution of disease. 33 Nevertheless, pathogenicity in terms of mucosal invasiveness remains an intriguing, unresolved feature of Leishmania (Viannia).
Since isoenzymes are constitutive gene products, it is not surprising that evidence for linkage between zymodeme and pathogenicity has not been forthcoming. 29 Other parasite markers, particularly polymorphic genes or products that trigger nonprotective host responses, or that propitiate the long-term survival of the parasite within the host may yield correlates of virulence traits such as severe or chronic lesions, mucosal invasiveness, metastasis, and latency.
Distinction of populations based on isoenzyme polymorphisms has diverse applications. Cohorts of strains can be systematically obtained or selected from existing collections to address specific biologic or epidemiologic questions using isoenzymes as well as other polymorphic markers. The intraspecific heterogeneity of strains within and among different endemic foci of transmission is an exploitable feature of Leishmania (Viannia). Questions such as the etiology of recurrent leishmaniasis, the induction of cross-protection by naturally acquired or vaccine-induced immunity, and pathogenicity of individual strains in epidemic outbreaks can be addressed using isoenzyme characterization. 34 
